INTRODUCTION
The convergence between India and Asia since their collision at 55-45 Ma has produced one of the broadest zones of continental deformation on Earth, extending 3000 km from the Himalaya to the Baikal Rift zone. Some essentially rigid blocks lie within this deforming zone, but one remaining controversy concerns the extent to which deformation can be described in terms of relative movement of a few large blocks or better as more continuous deformation. The difference in points of view is especially apparent within the Tibetan Plateau across which seismicity is widespread and deformation is relatively fast. Those who prefer a description in terms of blocks call attention to major active strike-slip faults within and around the Plateau. High slip rates often are taken to imply localized deformation between essentially rigid blocks (e.g., Avouac and Tapponnier, 1993; Peltzer and Tapponnier, 1988; Tapponnier et al., 1982 Tapponnier et al., , 1986 Tapponnier et al., , 2001 . By contrast, low slip rates on faults are seen as more consistent with distributed deforma tion that includes rotations of small blocks and crustal thickening (England and Houseman, 1986; England and McKenzie, 1982; England and Molnar, 1990 Flesch et al., 2001 Flesch et al., , 2005 Holt et al., 1991 Holt et al., , 2000 . To some extent these different points of view differ by how one defines high and low slip rates and by the number of blocks that are required to describe the deformation. Large blocks, or plates, would be bounded by major faults with high slip rates, and small ones by shorter faults with lower slip rates. Moreover, major blocks presumably would be large enough that they would include not just upper crustal rock, but also the entire mantle lithosphere. Small blocks, with lateral dimensions comparable to crustal thickness, would simply be fragments of crust carried by a deforming substratum.
In the past few years, descriptions of deformation in terms of blocks have grown with subdivisions of deforming regions into more, smaller blocks. England and Molnar (2005) included three essentially rigid blocks (Tarim, South China, and Amuria) in addition to the India and Eurasia plates, but treated most of eastern Asia as a deforming continuum. Calais et al. (2006) subdivided eastern Asia into nine regions, and found that by subdividing eastern China into four rigid blocks and separating small areas like the Qaidam Basin, they could describe much of Asia in terms of blocks, but not Tibet. Meade (2007) and Thatcher (2007) subdivided Tibet and its adjacent areas into 16 and 11 blocks, respectively, with the difference resulting in part from Meade considering a larger region. Many of Meade's and Thatcher's blocks shared common boundaries that can be defined by major faults with slip rates of ~10 mm/yr, but in some cases where obvious faults do not exist, one's block boundary passes through the interior of the other's block (Flesch and Bendick, 2008) . Finally, for deformation in eastern Tibet, Shen et al. (2005) used eight blocks, where Meade (2007) used seven and Thatcher (2007) used five, to describe deforma tion, but Shen et al. (2005) allowed their blocks to deform at strain rates typical of tectonically active, deforming regions. All of these authors used a global positioning system (GPS) velocity field to determine relative motions of their blocks, and errors of ~1 mm/yr prevented subdivisions into smaller blocks moving at such low rates with respect to one another. Thus, to decide how many small, slowly moving blocks are needed to describe deformation of a region like Tibet, where faults slipping at only ~1 mm/yr might exist, requires another approach.
During the past 20 years much effort has been dedicated to constraining the slip rates of the major strike-slip faults in this part of Tibet, such as the Altyn Tagh fault (Avouac and Tapponnier, 1993; Cowgill, 2007; Cowgill et al., 2009; Gold et al., 2009; Mériaux et al., 2004; Xu et al., 2005; Yin et al., 2002; Zhang et al., 2007) , the Kunlun fault (Harkins and Kirby, 2008; Harkins et al., 2010; Kirby et al., 2007;  van der Woerd et al., 1998 Woerd et al., , 2000 , and the Haiyuan-Qilianshan fault (Burchfiel et al., 1991; Gaudemer et al., 1995; Lasserre et al., 1999 Lasserre et al., , 2002 Kidd and Molnar, 1988; Li et al., 2009; Zhang et al., 1988 ), but only a few studies have attempted to determine the rates on secondary strike-slip faults within Tibet (e.g., Taylor and Peltzer, 2006) . To resolve the extent to which deformation occurs by relative movements of a few relatively large blocks, or by relative movements among numerous small blocks, the deformation field within a large block must be examined. This requires accurate slip rates for minor faults. Toward that end, we examine a region that seems to be divided into relatively small blocks, and for which strike-slip rates are relatively low, only ~1 mm/yr.
Here we report estimates of slip rates derived from right-laterally displaced alluvial terrace risers along the Elashan and Riyueshan faults ("shan" means mountain or mountain range in Chinese), west and east of the lake Qinghai ("hai" can mean lake in Chinese) in the northeastern Tibetan Plateau. We first describe the geological setting and methods for estimating slip rates, and then we use measurements from two to three sites along each fault to constrain the strike-slip rates. Finally we discuss the results in the context of the active tectonics of northeastern Tibet.
GEOLOGICAL SETTING OF ACTIVE FAULTS IN THE AREA ADJACENT TO THE LAKE QINGHAI
At the northeastern margin of the Tibetan Plateau, gripped between two west-northwestoriented, left-lateral, strike-slip faults, the Haiyuan-Qilianshan and Kunlun faults, two obvious right-lateral, strike-slip faults strike northnorthwest: the Elashan fault along western side of the Gonghe-Chaka basin and the Riyueshan fault east of the lake Qinghai (Fig. 1) . Both reflect late Cenozoic tectonic deformation.
The Elashan fault, called the Wenquan fault by van der Woerd (1998) and Wang and Burchfiel (2004) , can be mapped as a prominent northnorthwest-striking, right-lateral, strike-slip fault for more than 200 km ( Fig. 2A) . At both ends, the fault seems to end in zones of thrust faulting. It separates the two large Cenozoic basins, Qaidam and Gonghe-Chaka basins. This fault zone consists of nine subparallel fault strands in right-or left-stepping en echelon arrangements.
Small pull-apart basins have been found in right steps between segments, such as the Longgeer and Waruogehe basins ( Fig. 2A) , and step distances are 1 to ~3.5 km. Present-day activity on the fault has been recognized by a series of right-laterally offset geomorphic features, such as ridges, stream valleys, and pluvial or alluvial terrace risers, and by obvious fault scarps along the fault (Fig. 2B) . The timing of initiation of right-lateral slip along the Elashan fault is still uncertain, but van der Woerd (1998) inferred that the total offset of the geological units, such as the Paleozoic and Mesozoic geological contacts and Mesozoic granites on 1:1,000,000-scale Tibetan Plateau geological map, is ~9-15 km. By assuming that the initiation of strike-slip faulting occurred at ca. 2.5 ± 0.5 Ma, he deduced a slip rate of ~5 ± 2 mm/yr on the fault.
The Riyueshan fault, called the Haiyan fault by van der Woerd (1998), formed within the actively deforming Qilianshan belt. Its orientation and the length of its northern segment are similar to those of the Elashan fault, and the timing of initiation of dextral shear of these faults may also have been the same. The northern and southern segments of the Riyueshan fault separate the Qinghai and Xining basins and Fang et al., 2007; 2. Zhang et al., 2010; 3. Fang et al., 2004; 4. Fang et al., 2003 Thermochronology sample sites, 1. Zheng et al., 2010; 2. Lease et al., 2007; 3. Zheng et al., 2006 H A lt y n T a g h F .
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H a iy u a n -Q il ia n s h a n F . Q il ia n S h a n L iu p a n S h a n on July 29, 2011 gsabulletin.gsapubs.org Downloaded from the Guide and Tongren basins (Fig. 1) , respectively. The linear character and offset features of the Riyueshan fault are clear as far south as the northern segment of the Lajishan (Fig. 3A) . This north-northwest-trending fault is ~200 km long and consists of five discontinuous segments with a right-stepping en echelon arrangement. Small pull-apart basins can be found in most of the discontinuities between segments, such as the Ketu, Hewan, and Zhuogadengnong basins, and the step distance is ~2-3 km. The southern segment of Riyueshan fault near the southern side of Lajishan, from Guide to southwest of Tongren, is discontinuous and consists of several subparallel fault strands. Recent activity on some strands is clear. Right-lateral offsets of terrace risers and obvious fault scarps attest to recent activity. Because we have not yet determined the slip rate for the southern segment, we will focus on the northern segment, north of the Lajishan (Fig. 3) .
METHOD AND LOGIC OF ESTIMATING FAULT SLIP RATES
To determine long-term slip rates along strike-slip faults, one commonly dates offset terrace risers by dating the abandonment of terrace treads above or below the riser (e.g., Allen et al., 1991; Cowgill, 2007; Kirby et al., 2007; Lensen, 1968; Meyer et al., 1996; Mériaux et al., 2004 Mériaux et al., , 2005 Weldon and Sieh, 1985) . This approach is subject to uncertainties arising from the interpretation of when the terrace riser began to accumulate slip (e.g., Cowgill, 2007; Kirby et al., E la s h a n F . Q i n g h a i n a n s h a n F . a b a n s h a n R iy u e s h a n Chailong R iy u e s h a n F .
D a b a n s h a n F . Lensen, 1968; Zhang et al., 2007) . Some have assumed that lateral erosion of the riser occurs continuously during fluvial occupation of the adjacent terrace tread, and thus displacement of the riser does not accumulate until the adjacent lower terrace is incised and abandoned (e.g., Mériaux et al., 2004; van der Woerd et al., 2002) . In this interpretation, the best approximation of the age of the terrace riser is the age of abandonment of the lower terrace. Such conditions are likely met in cases where the channel exhibits limited meandering or braiding and in particular where slip along the fault displaces downstream terraces into the path of the river. When displacement along the fault shields the downstream terrace risers from lateral attack, however, risers may begin to accumulate slip prior to the abandonment of the lower terrace. In the limiting case, the age of abandonment of the upper terrace may be a more appropriate measure for inferring the average slip rate (e.g., Cowgill, 2007; Zhang et al., 2007) . The uncertainty imparted by these alternative interpretations of riser age can lead to differences of several times in estimates of slip rates (e.g., Cowgill, 2007; Kirby et al., 2007; Li et al., 2009; Zhang et al., 2007) . To constrain strikeslip rates, we tried to find sites on each of the Elashan and Riyueshan active faults where offsets of the terrace risers can be measured, and ages of both upper and lower terraces can be determined, as in other recent studies by Kirby et al. (2007) for the Kunlun fault, Cowgill et al. (2009) and Gold et al. (2009) Be dating techniques were combined to determine the ages of different terraces or landforms based on the sampling condition and sampled material. The application of 14 C dating proved to be difficult because of the general lack of organic material along the Elashan fault, but organic material was found along the Riyueshan fault. This is mainly due to the climatic contrast west and east of Qinghai-dry west of the lake (Elashan and Chaka basins), much wetter east of it (Riyueshan). We discuss details of 10 Be and OSL sampling procedures and laboratory protocols in the GSA Data Repository 1 . Radiocarbon ages were converted to calendar ages (Table 3) using the calibration of Reimer et al. (2009) .
At all areas studied in detail, we surveyed the topography using either a total station or kinematic GPS. For the former, we commonly obtained hundreds of points within the surveyed area, and therefore only meters to a few meters apart. With kinematic GPS, we sampled once each second, and hence points are 1-2 m apart. With both, elevations and horizontal positions are uncertain by a few centimeters, a negligible error.
LATE QUATERNARY STRIKE-SLIP RATE OF THE ELASHAN FAULT
We surveyed alluvial terrace riser offsets at three sites along the Elashan fault (Fig. 2) . This fault segment strikes N30°W along the eastern flank of the Elashan. A series of ephemeral streams flow eastward from the western mountain area into the Chaka basin, and they have formed 1-2-km-wide alluvial fans and other landforms at the front of the mountain (Fig.  2B ). According to unpublished trench excavations by one of us (D.-Y. Yuan), the fault dips steeply east or west with minor normal components compared with the dominantly rightlateral strike slip.
Xianquan (Salt Spring) Site 1

Geomorphology
At Xianquan site 1, an alluvial fan is more than 500 m wide where the fault crosses it (Fig.  2B ). Subsequently, several ephemeral streams incised several meters into the fan surface and created alluvial terraces with different heights. The Elashan fault crosses the middle segment of the fan and offsets the alluvial terraces rightlaterally (Fig. 4A ). We surveyed two levels of alluvial terraces on the south side of one stream (Fig. 4B, 36°38′56 .2″N, 98°53′52.8″E). The terraces T1 and T2 of the stream are ~2-3 m and 7-9 m above the modern streambed, respectively. According to the logic mentioned above (Cowgill, 2007; Zhang et al., 2007) , the downstream terrace on the right side (south side of the stream) and its riser seem to have been protected by topography upstream of the fault. Because lateral erosion is unlikely to completely refresh terrace risers on the shielded side of the stream, the age of upper terrace abandonment should be closer to the age of initiation of displacement of the terrace riser than the age of the lower terrace (Fig. 4B) .
We surveyed the topography with a total station ( Fig. 4B) , near the fault, where deflections of topographic contours allow a subdivision of terrace surface T2 into two secondary terrace surfaces: T2a and T2b. We determined displacements of both the T2b/T2a and the T2a/T1 risers offset to be 19 ± 2 m, where we treat the estimated uncertainty of 2 m as 1σ. As in all cases reported here, to assign uncertainties we made subjective assessments of how precisely positions of terrace risers could be defined; we made no attempt to use sophisticated statistics to align surfaces and then assume objectivity.
Ages of Samples
Scattered over the surface of terrace T2b are many boulders of Silurian and Ordovician gray-white gneiss and quartzite, with diameters ~1-2 m, that were transported eastward from the Elashan at the end of the period of terrace T2b depo si tion. We suspect that they were transported by debris flows. The bottoms of some of them have been buried by several tens of centimeters of loess or small gravel, and wind seems to have eroded the bases of many of them. To date the surface using the cosmogenic nuclide 10 Be, we took nine samples from the tops of eight large boulders on the terrace T2b surface (Table  1A, . The obvious effects of wind erosion, which has created ventifacts on some boulders (that were not sampled for that reason) and which seems to have scoured their bases, make the possibility that the tops of boulders have been eroded difficult to ignore. At the same time, tops of boulders tend to be smooth, but with no evidence of spalling by spheroidal weathering, and they all display desert varnish and lichens, which suggest low erosion rates. We give an estimate of the effect of erosion on calculated exposure ages below. Similarly, neither frost cracking, nor obvious evidence of tilting or the breakdown of boulders was observed. We ignore the effect of snow cover, which is negligible in today's climate, and we assume that in the yet more arid glacial conditions, snow cover was small and not important. Thus, in what follows, we treat the measured concentrations in the boulders as recording ages since deposition, but these ages might be biased toward the young.
With the goal of estimating the amount of 10 Be inherited before the boulders were deposited on the surface, we also took three samples of smaller boulders (~0.1-0.3 m in dimension) ~3-4 m depth below the present surface, within a freshly exposed cliff of the terrace wall in the active stream valley (Table 1, Be produced in such samples before coming to rest on the fan surface. We found no boulders comparable in dimensions of those that we sampled. We took these samples from a layer of unsorted (but clast-supported) coarse and angular boulders, which suggest a proximal source and rapid deposition (colluvial and/or debris flow). Thus using these as indicators of inherited 10 Be is similar to using deeply buried sand in profiles of 10 Be concentration (e.g., Ander son et al., 1996; Brown et al., 1998a) . Exposure ages have been determined from 10 Be concentrations, associated with four different time-dependent scaling schemes with CRONUS online calculator (Balco et al., 2008) . The mean apparent exposure age for the nine boulders is 29.7 ± 9.8 ka, and the three samples taken from 3 to 4 m below the Earth's surface yield a mean concentration of ~6 ± 3.7 × 10 5 atoms of 10 Be/g SiO 2 , equivalent to a mean age of 12.7 ± 8.2 ka, assuming a production rate of 46.9 at/g/yr. If one uses this average concentration for the three buried samples to correct for an average inherited 10 Be concentration before deposition ("single" correction), one obtains an apparent surface age of 15 ± 10 ka. Perhaps erosion of the boulders at the surface has biased the age to a value that is far too young, but in any case, the more than fivefold range of possible predepositional ages (5 to 25 ka) makes this apparent age virtually useless.
The apparent ages of both sets of boulders, however, cluster in two groups. Among the nine Be ratio of 3.11E-12. on July 29, 2011 gsabulletin.gsapubs.org Downloaded from boulders from the surface of T2b, six give apparent ages of 20.2 ka to 25.5 ka (mean = 23 ± 2.3 ka), and three give apparent ages from 39 ka to 45.3 ka, with a mean of 43.2 ± 3.5 ka (Table 1B) Be concentrations, in both the nine large boulders at the surface and three small buried boulders, raise the possibility that transport of the boulders occurred in two steps after different durations of prior exposure. We did not find patterns that relate ages to locations of boulders on the fan, or to their sizes or shapes. Because of the bimodal distribution of apparent ages (irrespective of the location on the fan, the size, or the shape of the boulder), we corrected for inheritance in the two clusters separately ("double" correction, Table 1C ). For accuracy, corrections have not been made with apparent ages, but with 10 Be concentrations, and then converted into ages. We subtracted the large 10 Be concentration of the buried boulders (mean apparent ages of ~17 ka) from those of the three samples with high concentrations to obtain a weighted mean postdepositional age of 24.3 ± 3.7 ka. We subtracted the low 10 Be concentration of the buried boulder (with an apparent age of ~4 ka) from those of the six samples with low 10 Be concentrations to obtain a weighted mean age of 18.4 ± 2.4 ka. The resulting weighted mean duration of exposure from all nine boulder samples is 20.4 ± 3.4 ka (Table 1C , ES1-A to ES1-G and ES1-K). We recognize that the only reason for treating the two pairs of samples separately derives from their subdivision into two groups, but the notably smaller standard error of 3.4 ka than 10.4 ka when all ages are lumped together offers some justification for this procedure.
One cannot exclude a possible dependence on grain size as contributing different 10 Be concentrations in the small (~30 cm) samples taken at depth and the much bigger boulders sampled for surface exposure ages (~1 m). Several papers address this issue (e.g., Belmont et al., 2007; Brown et al., 1998b; Carretier et al., 2009 ), but these results are hardly usable in our study because they deal with much smaller grains (sand and gravel) than we consider here. Therefore, a possible dependence cannot be quantified or even estimated, and remains only speculative.
We also recognize that the 10 Be concentrations yield minimum ages of exposure, because even small erosion could have removed material that had shielded the present-day top surfaces of the boulders. A range of erosion rates (0.5 to 5 mm kyr -1 ) of boulder surfaces, consistent with erosion rates determined for similar climatic conditions (e.g., Kuhlemann et al., 2007; Small et al., 1997) , yield slightly greater ages (by 1% to 16%, Table 1D ) than we report here. Exposure ages are the same within 10%, if erosion rate is under 3 mm kyr -1 , which is a realistic upper bound for such bedrock erosion rates.
We also dug a pit to a depth of 1.5 m on the edge of terrace T2a to take an OSL sample (Fig. 4C) . Strata consist of three layers. The upper layer 1, ~0.4 m thick, consists of gray and yellow , small to intermediate size, sub angular, unsorted gravel with lenses of reworked loess. The middle layer 2, ~0.5 m thick, contains lightyellow fine sand and soil with small gravel. The lower layer 3 consists of medium and coarse subrounded and poorly sorted gravel of fluvial origin (Fig. 4C) . Layers 1 and 2 define the upper deposits capping terrace T2a, and we assume that the age of the fine sand and soil in layer 2 approximates the age of terrace T2a, but therefore postdates T2b. We recognize that these assump tions are not required by what we report; the layer 2 might have been exposed to light before the stream incised T2b to form terrace T2a, and we address this alternative below. An OSL sample from the bottom of layer 2 ~1.3 m below the surface of terrace T2a gave an age of 24.4 ± 1.1 ka (sample number CK-OSL-1, Table 2 ). Therefore, the 10 Be and OSL ages from the top of terrace T2b and from just beneath T2a agree with the uncertainties of one another. This agreement offers some support for treating the two populations of boulders on T2b separately. 
Estimates of the Slip Rate
Using the OSL age 24.4 ± 1.1 ka from terrace T2a and the displacement of T2b/T2a of 19 ± 2 m, we obtain an upper bound on the horizontal slip rate of 0.8 ± 0.2 mm/yr. If we use the age of 20.4 ± 3.4 ka from the surface T2b and the displacement of T2b/T2a by 19 ± 2 m, we obtain a lower bound of 0.9 ± 0.2 mm/yr. Although the upper bound is lower than the lower bound, they overlap within errors and imply that the average slip rate of the Elashan fault at site 1 is ~0.9 ± 0.3 mm/yr. If the OSL age 24.4 ± 1.1 ka, in fact, gave an upper bound on the age of T2b, a possibility that we cannot eliminate, then it would simply place a lower bound of 0.8 ± 0.2 mm/yr on the slip rate. At the opposite extreme, if the river incised to form T1 during the deglacial period sometime between 20 and 13 ka, a maximum rate of 1.5 mm/yr would be possible. We continue by assuming that the rate is 0.9 ± 0.3 mm/yr, but readers may choose to accept a somewhat higher rate based on the logic we give here.
Xianquan Site 2
The Xianquan site 2 is located on another, yet bigger, alluvial fan, more than 1 km wide where the fault crosses it, ~900 m south of site 1 (Figs. 2B and 4A ). After the alluvial fan surface formed, seasonal rains or floods cut a series of small, shallow braided streams on the fan surface. The Elashan fault crosses the middle segment of the fan and has offset the small channels and ridges right-laterally. The displacements of these features should have begun to accumulate after the main stream incised the fan, and the sources of the minor streams were abandoned.
The landforms offset by the Elashan fault at site 2 include a series of gullies and steep banks, which face southeast and northwest on the fan. We surveyed the offset topography with a differential GPS instrument (Figs. 6A and 6B; 36°38′28.3″N, 98°54′09.4″E). Northeast of the fault, a flat ridge with steep southeast and northwest side slopes northeastward. Continuations of the steep sides can be traced uphill to the southwest on the southwest flank side of the fault; they are displaced 12 ± 3 m at gullies A and B and 13 ± 3 m at gully C from their continuations northeast of the fault trace.
An OSL sample was taken from the wall of the fan terrace at a deeply incised channel ~70 m to the south of the mapped area (Fig. 4A) . The strata consist of three layers. The upper layer, ~0.6 m thick, consists of gray and black, intermediate to large size, subangular gravel. The middle layer, ~0.7 m thick, contains yellow and gray sand and small gravel. The lower layer con- on July 29, 2011 gsabulletin.gsapubs.org Downloaded from sists of medium and coarse subrounded gravel (Fig. 6C) . We assume that the age of the sand in the middle layer approximates the age of the fan terrace T2. The OSL age of a sample at the depth ~1.0 m is 12.7 ± 1.2 ka. Taken together the alluvial fan age of 12.7 ± 1.2 ka and the displacement of 13 ± 3 m yield a lower bound on the slip rate of 1.0 ± 0.3 mm/yr.
Xianquan Site 3
The Xianquan site 3 is located on another big alluvial fan ~1200 m south of site 2 and ~800 m wide where the fault crosses it (Fig. 2B) . We presume that the two fans formed simultaneously, and when climate changed, streams incised and created lower T1-T3 terraces with different heights. The terraces T1, T2, and T3 on the fan are about ~0.5-1 m, ~3 m, and ~4 m, respectively, above the modern stream bed (Fig. 7A) . We surveyed the terrace topography with a differential GPS instrument (Fig.  7B, 36°37′45 .6″N, 98°57′42″E), and we determined displacements of both the T3/T2 and the T2/T1 risers to be 14 ± 2 m, and 11 ± 2 m, where again we treat the estimated uncertainty of 2 m as 1σ.
An OSL sample was taken from the wall of the terrace T2 at a deeply incised channel ~120 m to the south of the mapped area. The strata consist of three layers. The upper layer, ~0.3-0.6 m thick, contains light yellow fine sand and soil with small gravel. The middle layer, ~1.5 m thick, contains gray and black medium and coarse subrounded and poorly sorted gravel of fluvial origin, with a thin layer of fine sand at a depth ~1.2 m in it. The lower layer, bedrock, consists of flesh-color and red granite (Fig. 7C) . We assume that the age of the thin layer of sand in the middle layer approximates the age of terrace T2. Its OSL age is 8.7 ± 0.7 ka. The alluvial fan surface of T3 resembles the fan surface of site 2, and we assume that its age of ~12.7 ± 1.2 ka at site 2 approximates the age of T3 at site 3.
Using the OSL age 8.7 ± 0.7 ka from terrace T2 and the displacement of T3/T2 of 14 ± 2 m, we obtain an upper bound on the horizontal slip rate of 1.6 ± 0.4 mm/yr. If we use the age 8.7 ± 0.7 ka from the surface T2 and the displacement of T2/T1 by 11 ± 2 m, we obtain a lower bound of 1.3 ± 0.3 mm/yr. If we use the age 12.7 ± 1.2 ka as the age of surface T3 and the displacement of T3/T2 by 14 ± 2 m, we obtain a lower bound of 1.1 ± 0.3 mm/yr. These results, taken together, allow for a rate between 1 and 2 mm/yr, but because the offset risers have been shielded by the offsets, we consider the likely rate to be closer to the lower than upper bound. Hence, we obtain an average slip rate of Elashan active fault at site 3 of ~1.4 ± 0.4 mm/yr, which is consistent with the bounds at other sites.
In summary, we estimated bounds on the slip rate of Elashan active fault at three sites. The aver age slip rate appears to be 0.9 ± 0.3 mm/yr at Xianquan site 1, but this might be only a lower bound: at least 1.0 ± 0.3 mm/yr at Xianquan site 2, and 1.4 ± 0.4 mm/yr at Xianquan site 3. As mentioned above, the Xianquan sites 1 and 3 yield the most precisely defined displacements of terrace risers and ages of terrace dated by 10 Be and OSL. Accordingly, if we assume that the rate is the same at all sites, which are at most 2 km on July 29, 2011 gsabulletin.gsapubs.org Downloaded from apart, then the average of these three estimates, weighted by their uncertainties, of 1.1 ± 0.3 mm/yr would approximate the slip rate of the Elashan fault. We note that the data do allow wider bounds of rate 0.8-2 mm/yr, but for reasons given above, we consider the upper range unlikely.
LATE QUATERNARY STRIKE-SLIP RATE OF THE RIYUESHAN FAULT
Along the middle segment of Riyueshan fault zone, displacements of alluvial terrace surfaces at two sites at Hewan and Chadi were selected to constrain the right-lateral slip rate. This fault segment trends about N35°W along the foot of Riyueshan. Several broad, flat alluvial platforms have developed along the front of the mountain, and a series of features, including streams, terraces, and other landforms, have been offset right-laterally since the Riyueshan fault ruptured the platforms. Fault scarps are clear along the fault (Fig. 3B ). According to an unpublished trench excavation at Hewan (37°6′10.7″N, 100°41′7.8″E) by one of us (D.-Y. Yuan), locally the fault dips steeply westward with a minor normal component.
Hewan Site
At Hewan (37°6′10.7″N, 100°41′7.8″E), a small stream has incised into the broad, gently sloping surface (Figs. 3B and 8A) . The Riyueshan fault crosses the stream and the sides of the valley and has offset them right-laterally. A westward facing fault scarp also formed along the fault, with a minor vertical component associated with a downthrown western wall.
To determine the displacement, we constructed a topographic map using a differential GPS instrument (Fig. 8B) . The amount of offset can be measured by restoring the likely position of the stream channel and valley sides before they were offset. Both upstream and downstream channels are similar in shape and width (Fig. 8B) . So, we used three markers to measure the displacement: 9 ± 2 m for the thalwegs of upstream and downstream channels, also 9 ± 2 m for the northern wall of the stream (terrace riser T1/T0), despite little erosion along the terrace T1 edge, and 8 ± 2 m for the southern wall, which may have been subject to more erosion downstream of the fault than along its northern counterpart (Fig. 8B) . This accumulated displacement probably resulted from slip during several earthquakes, not just one event; the fault is not long enough for only one strong earthquake with co-seismic displacement reaching ~9 m to seem likely.
The broad, gently sloping surface T1 stands ~3-4 m above the streambed upstream of the fault and 1-2 m downstream of it. We dug a pit through three distinct layers to a depth of ~2.0 m on the southern side of it at the fault scarp (Fig.  8C) . The upper layer 1, ~0.8 m thickness, contains grayish black soil. Layer 2 contains khaki-colored reworked loess and fine sand with small gravel, with a thickness of ~1.0 m. Layer 3 consists of medium to coarse, subangular, and poorly sorted alluvial gravel transported from the nearby Riyueshan (Fig. 8C) . We took (Table 3) . We assume that the age of the lower sample HW-14 C-2 at the bottom of layer 2 approximates the age of T1 more closely. A displacement of 9 ± 2 m since 7 ka yields a lower bound on the slip rate of 1.3 ± 0.3 mm/yr. Allowance for 2 m offsets during moderate earthquakes and for ignorance of when the last such earthquake occurred permits an additional 0.3-mm/yr error in the rate. Thus, we assume a rate of 1.3 ± 0.4 mm/yr. We suspect that this rate approximates the average rate since 7 ka, because the 14 C sample was taken just above gravel, and we presume that deposition of that gravel ceased when the stream incised its channel; but strictly these data give only a lower bound on the rate.
Chadi Site
West of the county seat of Haiyan, a series of eastward-flowing streams cross the foot of the Riyueshan. The Riyueshan fault offsets the stream valleys and forms clear fault scarps on the land surface (Fig. 3C) .
To determine the displacement and to constrain the slip rate, we surveyed a stream valley near Chadi (36°56′29.4″N, 100°49′1.9″E) with a differential GPS instrument (Fig. 9A) . Three alluvial terraces (T1 to T3) have developed (Fig.  9B) , and risers between them have been bent by right-lateral shear on the fault. The right-lateral displacement of terrace riser T2/T0 at the northern bank of the stream is ~11 ± 3 m (Fig. 9B ), but the riser on the downstream, northern side may have been subjected to more erosion than its southern counterpart due to the movement of the former into the stream course. The 12 ± 3 m displacement of terrace riser T2/T1 at the southern bank of the stream, protected by topography on the upstream of the fault, may be closer to the actual offset. Because the terrace riser T3/T2 on the downstream is not very clear on the southern side of the stream, we cannot estimate reliably the displacement of it.
The surface of terrace T2 is ~2-3 m above the present channel bed. In order to determine the age of this terrace, samples were taken in a small trench near its edge. The strata consist of four layers (Fig. 9C) . The uppermost layer 1, ~0.8 m thick, contains grayish black soil and a grassy cover. Layer 2, ~0.4 m thick, contains grayish yellow secondary loess with a small amount of gravel. Layer 3 consists of khaki-colored fine sand, ~0.4 m in thickness. Layer 4 contains medium to course alluvial gravel transported from the Riyueshan. This gravel is to some extent rounded and sorted. A 14 C sample from the soil near the bottom of layer 1, 0.8 m deep, yields a calendar age of 10,053 ± 135 yr B.P. (HY-14 C-1, Table 3 ). An OSL sample at a depth of 1.6 m, in the fine sand of layer 3 gives an age of 10.9 ± 1.1 ka (HY-OSL-2, Table 2 ). The two ages, based on different dating methods and at different depths, are consistent with one another. We assume that the more precise 14 C age gives the age of terrace T2, despite its sampling material 0.8 m above the other sample. Combining the age of 10,053 ± 135 yr B.P. with the displacement of 12 ± 3 m gives an upper bound on the slip rate of 1.2 ± 0.3 mm/yr. For the same reasons given for the Hewan site, we suspect that this rate approximates well the average rate since 10 ka, but again allowance for slip of 2 m in typical earthquakes would permit an additional error of 0.2 mm/yr in the rate. Thus, we assume that the rate is 1.2 ± 0.4 mm/yr.
Terrace T1 is narrow and ~1-1.5 m above the present channel bed. One 14 C sample (HY-14 C-2) from the grayish black soil was taken in a trench at the bottom of the uppermost layer, ~0.7 m beneath the surface (Fig. 9C) . Its calendar age is 2603 ± 115 yr B.P. (Table 3 ). If we treated this age as a lower bound on the age of the offset, it would yield a rate of 4.6 mm/yr. Because this sample is ~0.4 m above a gravel unit, however, several thousand years could have elapsed since the gravel was deposited. Moreover, because it places an upper bound on the rate that seems much larger than the lower bound on the rate, we consider it not to be helpful. The skeptical reader might see this as evidence for a higher rate than we suggest, but doing so would also imply that the fault did not slip between the time that the surface dated at ~10 ka formed and 2.6 ka, which seems to us to be a long period of time with no slip.
In summary, we estimated slip rates of Riyueshan active fault at two sites: 1.3 ± 0.4 mm/yr at Hewan, and 1.2 ± 0.4 mm/yr at Chadi. Because the sample from the Hewan site was taken from the fault scarp itself, we have more confidence in the dating of the Chadi site, but the two estimates agree within their uncertainties. Strictly, both are lower bounds on the rate, but as noted above, we suspect that they closely approximate the average Holocene rate. In any case, readers who question our logic are free to interpret the data differently.
In addition, along the northernmost segment of the Riyueshan fault between 37°37′5.2″N, 100°25′37.4″E, 3715 m, and 37°28′31.4″N, 100°31′31.5″E, 3780 m, we measured ten clear offsets with a mean of ~13.0 ± 2.3 m. If we assume that incision of these channels occurred near 11.5 kyr B.P., when the deposition rate of clastic sediment in the lake Qinghai, baselevel for these streams, increased abruptly (Yu and Kelts, 2002) , then these offsets would imply a rate of ~1.1 mm/yr, consistent with the more precisely dated offsets.
DISCUSSION
Average Slip Rates in the Area Adjacent to the Lake Qinghai and NE Tibetan Plateau
We have presented arguments for average slip rates for the two major strike-slip active faults in the region near the lake Qinghai: ~1.1 ± 0.3 mm/yr on the Elashan fault and 1.2 ± 0.4 mm/yr on the Riyueshan fault; though strictly, the latter is only a lower bound on the rate. C values are assumed to be -25‰. The quoted radiocarbon age used the Libby half-life of 5568 years, also following conventions of Stuiver and Polach (1977) . Analytical uncertainties are reported as 1σ. The calendar age ranges were calculated by Calib 6.0.1 software (http://www.calib.org) using the IntCal09 dataset (Reimer et al., 2009 ).
on July 29, 2011 gsabulletin.gsapubs.org Downloaded from These slip rates are roughly an order of magnitude lower than those for the major strike-slip faults to the north, the Altyn Tagh fault (Cowgill, 2007; Zhang et al., 2007) , and southwest, the Kunlun fault (Kirby et al., 2007; van der Woerd et al., 2002) . From a reanalysis of the relationship between strath terraces and the ele va tion of offset terrace risers at the Altyn Tagh fault, Cowgill (2007) obtained a slip rate of 9.4 ± 2.3 mm/yr at Cherchen He (River), which had been thoroughly studied by Mériaux et al. (2004) . Cowgill et al. (2009) and Gold et al. (2009) measured rates of 9-14 mm/yr and 9-15.5 mm/yr at two other nearby sites. Zhang et al. (2007) reinterpreted the geological offsets and terrace ages published by Mériaux et al. (2004 Mériaux et al. ( , 2005 and Xu et al. (2005) to show that the leftlateral slip rate of the central Altyn Tagh fault appears to be in the range of 8 to 12 mm/yr, and then decreases eastward to only about ~1 to 2 mm/yr. Working in the eastern segment of Kunlun fault, Kirby et al. (2007) , Harkins and Kirby (2008) , and Harkins et al. (2010) reported that the slip rate decreases systematically along the eastern segment of the fault from ~10 mm/yr measured by van der Woerd et al. (1998 van der Woerd et al. ( , 2000 van der Woerd et al. ( , 2002 in the western segment to <2 mm/yr in the east. Lying between the eastern ends of the Altyn Tagh and Kunlun faults is the HaiyuanQilianshan fault and its westward continuation (Fig. 1) . Li et al. (2009) estimated Holocene slip rate at three sites along the Haiyuan fault segment, and from ages of upper and lower terraces dated by 14 C, they obtained an average slip rate of 4.5 ± 1.0 mm/yr. This rate agrees with the present-day slip rate of 4.3 ± 1.5 mm/yr measured by GPS (Li et al., 2009 ). This rate is much lower than rates inferred farther west along this fault by Lasserre et al. (1999 Lasserre et al. ( , 2002 , but their rates are strictly upper bounds, and unpublished data by some of us suggest rates closer to 4-7 mm/yr or less.
Some have treated these major left-lateral faults as boundaries of essentially rigid crustal blocks, which deform elastically near their margins (e.g., Meade, 2007; Thatcher, 2007) . Although errors in the GPS velocities used to construct such block models do not prohibit deformation at rates of 1-2 mm/yr within the blocks, the strategy obviously has been to find a minimum number of blocks necessary to describe the velocity field. Slip on the Elashan and Riyueshan faults attests to active deformation within one such hypothesized block. These slip rates may be only ~1 mm/yr, but the faults are clearly defined and require small blocks within what has been treated as a larger block. The northern and southern ends of both faults curve to strike more northwesterly than the main strands, and they seem to terminate in regions of on July 29, 2011 gsabulletin.gsapubs.org Downloaded from northeast-southwest shortening and presumably thrust faulting. The similarity of the rates might suggest that the region between the Elashan and Riyueshan faults behaves as a single block that rotates counterclockwise in a regional east-westtrending, left-lateral shear zone. Yet, between them, the Qinghainanshan is obviously active too, though perhaps not with slip at a rate as fast as 1 mm/yr (according to our own tentative, preliminary data). Thus these faults require that at least some proposed blocks be subdivided into smaller blocks only tens to ~100 km in dimension. Moreover, this division into smaller and smaller blocks seems likely to continue as both GPS velocity fields and Quaternary slip rates on yet more minor faults become increasing refined. More small blocks, in turn, imply less concentration of deformation on boundaries of large blocks and more distributed deformation in the northeastern Tibetan Plateau.
Estimation of Total Offsets and Initiation of Right-Lateral Strike Slip
Besides late Quaternary offsets of geomorphic features, offsets of older geological contacts along the Elashan and Riyueshan faults are also clear on geological maps. Van der Woerd (1998) analyzed the Paleozoic and Mesozoic geological contacts and Mesozoic granites on a 1:1,000,000-scale Tibetan Plateau geological map and inferred a total offset of ~9-15 km along the Elashan fault. We also examined the offset geological contacts on the 1:200,000-scale Qinghai regional geological maps of the region (Geological Bureau of Qinghai Province, 1969 Province, , 1974 , and we conclude that the six largest reliable offsets lie in the range 9 to 12 km (Fig.  10) . Assuming the long-term slip rate has been constant during late Cenozoic time and given by 1.1 ± 0.3 mm/yr appropriate for late Quaternary time, right-lateral movement on the Elashan fault would have initiated at 9 ± 3 Ma. Using the same method for the Riyueshan fault on 1:200,000-scale Qinghai regional geological maps (Geological Bureau of Qinghai Province, 1964 , 1972 , three offsets of Paleozoic contacts north of the Lajishan lie in the range of 11 to 12 km, and three of Mesozoic granites south of it are offset ~6.4 to 7.6 km (Fig. 10) . The smaller displacement on the southern segment might be explained either with a lower slip rate or a more recent initiation of slip along it. Assuming the long-term slip rate has been constant during late Cenozoic time at the present-day rate of 1.2 ± 0.4 mm/yr, the total offset of 11-12 km along the north segment yields a date for the initiation of right-lateral movement of 10 ± 3 Ma.
An initiation of right-lateral faulting along the Elashan and Riyueshan faults between 6 and 13 Ma probably reflects the onset or an acceleration of tectonic deformation and the development of mountains adjacent to lake Qinghai, an important tectonic stage in the growth of the Tibetan Plateau. Allowance for rates that are not constant would permit a wider range of possible dates of initiation, but much of the northeastern margin of Tibet seems to have undergone rejuvenation near ca. 10 Ma. For example, thermochronology of various types indicate rapid cooling presumably due to the onset of faulting and topographic growth of the northern margin of the Qilianshan (detrital zircon site 1, Fig. 1 ) beginning at 9.5 ± 0.3 Ma ; at the Liupanshan, ~550 km east of the lake Qinghai (site 2), at ca. 8 Ma (Zheng et al., 2006) ; and in the Jishi Shan (site 3) at ca. 13 Ma (Lease et al., 2010) . Magnetostratigraphic dating of changes in accumulation rates and in clast sizes of sedimentary rock in several nearby basins concur with such timing: the Huatoutala section in the Qaidam basin (paleomagnetic site 1, Fig. 1 ) , the Chaka basin (site 2), and the Guide and Linxia basins (sites 3 and 4) at ca. 8 Ma (Fang et al., 2003 (Fang et al., , 2005 Lease et al., 2007) . For the latter, dating of structures and cooling ages (Zheng et al., 2003) agree with such timing.
In summary, exhumation and tectonic activity of most of Qilian Shan sub-ranges and the accelerated sedimentation or tectonic defor mation in the basins surrounding the lake Qinghai (Qaidam , Chaka, Guide, and Linxia basins) seem to have begun at ca. 8-12 Ma. The apparently synchronous faulting at Elashan and Riyueshan with the emergence of Qinghainanshan, Lajishan , Liupanshan, and Qilianshan is consistent with initiation, or acceleration, of deformation at ca. 8-12 Ma over a broad region.
CONCLUSIONS
The combination of terrace riser offsets and terrace ages dated by 14 C, OSL, and 10 Be suggests average strike-slip rates on the Elashan and Riyueshan faults, two right-lateral, strikeslip faults along the western and eastern sides of the lake Qinghai, of 1.1 ± 0.3 and 1.2 ± 0.4 on July 29, 2011 gsabulletin.gsapubs.org Downloaded from mm/yr, respectively. Although the latter rate is strictly only a lower bound, we argue that with their uncertainties they include average Holocene rates. Slip on these faults attests to deformation within what Meade (2007) and Thatcher (2007) have proposed to be essentially rigid blocks of crust. Slip on these faults, therefore, requires a subdivision of their proposed blocks into smaller blocks. This subdivision favors a description of a regional velocity field in terms of distributed deformation, not as relative movements of a few blocks along a few major faults.
The total right-lateral offsets of geological contacts are ~9-12 km along Elashan fault and 11-12 km along the northern segment of Riyueshan fault. Assuming the long-term slip rates have been constant during late Cenozoic time, initiation of dextral movement on these faults occurred at 9 and 10 ± 3 Ma, respectively. These dates are consistent with the ages of initiation or the acceleration, of deformation adjacent to Cenozoic basins nearby, such as the Qaidam basin , Guide basin (Fang et al., 2005) , Linxia basin (Zheng et al., 2003; Yuan et al., 2007) , and GongheChaka basin. This extrapolation highlights an important stage of tectonic deformation in the northeastern margin of the Tibetan Plateau beginning at ca. 8-12 Ma.
